. The XIR Gene Encodes a CIR-Related Protein (A) The predicted amino acid sequence of XIR (beginning at ATG186; single-letter amino acid code) and comparison with CIR. (B) Three possible translation start sites in the XIR cDNA are shaded. The corresponding protein sequence is shown above. The large box delineates the protein sequence initated at the most probable start site. Three single bp differences found in a subset of XIR cDNAs would generate the two amino acid changes shown (see text). Small boxes delineate the sequences complementary to antisense oligonucleotides KHA1 and KHA2. (C) XIR, CIR, and GIRK1 cDNAs were in vitro-translated in the presence of 35 S-methionine and analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. The 56 kDa (upper) band in lane 3 is GIRK1; the lower band is probably from incorrect initiation (see Krapivinsky et al., 1995a) .
same CIR-homologous sequence, encoding a novel pro-3.0 subfamily. XIR probably represents a distinctive Kir 3.0 subunit, since the Xenopus XIR and the rat CIR codtein we named XIR (for Xenopus laevis inwardly rectifying K ϩ channel). No other Kir homologs were isolated ing sequence DNA exhibit only relatively low identity (74.9%). In addition, the extreme carboxy-terminal refrom the Xenopus library. XIR Clone 9A contained an apparently full-length 1.2 kb open reading frame, pregion of XIR shares little similarity with CIR or any other cloned Kir subunit and is unique in lacking regions of dicting a polypeptide of 404 amino acids ( Figure 1A ). In vitro translation of Clone 9A produced a protein of the acidic residues ( Figure 1A ). We therefore propose that XIR be classified as Kir 3.5. predicted Mr, 45 kDa, which comigrated with the product of in vitro translation of the rat atrial CIR cDNA (Figure The most probable initiation codon of XIR is at position 186, the first appearance of an in-frame ATG within a 1C). XIR exhibits 78% amino acid identity to the rat atrial CIR protein (Kir 3.4). The XIR protein is next most strong Kozak consensus sequence ( Figure 1B ) (Kozak, 1986) . Use of this ATG would provide XIR with an amino identical to the CIR-related Kir polypeptides GIRK2 (Kir 3.2; 72%) and GIRK3 (Kir 3.3; 68%) . XIR is only 56%
terminal length most similar to that of CIR, and was therefore used to predict the protein product. However, identical to GIRK1 (Kir 3.1) and is even less similar to other Kir polypeptides (49% and 45% identical to IRK1 unlike CIR, the XIR cDNA exhibits two in-frame ATGs upstream of position 186 ( Figure 1B) . Utilization of these and ROMK1, respectively), clearly placing XIR in the Kir upstream ATGs would produce XIR proteins with novel large whole-cell inwardly rectifying K ϩ currents in high-[K ϩ ]-containing solutions following m2-receptor stimuamino-terminal extensions of 20 or 25 amino acids. Interestingly, each of three independently isolated XIR lation ( Figure 2 ). For XIR and GIRK1 coinjected oocytes, the average peak current measured at Ϫ100 mV in the cDNAs possessed 3 single bp differences in this region that would alter 2 amino acids in these amino-terminal presence of ACh was 5.4 Ϯ 0.5 A, similar to currents of CIR and GIRK1 coinjected oocytes (7.2 Ϯ 0.6 A at extensions. These 3 bp differences were confirmed by sequencing both strands. These three clones exhibited Ϫ80 mV; Krapivinsky et al., 1995a) , and significantly exceeding those of oocytes expressing GIRK1 alone no additional changes within their coding regions but possessed an additional single bp difference just follow-(1.3 Ϯ 0.1 A) or XIR alone (0.2 Ϯ 0.1 A). Like I KACh (Sakmann et al., 1983) , ACh-induced currents from ing the termination codon (A1400T; data not shown). Certain mammalian Kir genes exhibit alternative splicing GIRK1-injected or GIRK1 and XIR coinjected oocytes showed strong inward rectification ( Figure 2B ). Oocytes of entire segments of 5Ј and 3Ј untranslated and coding sequences (reviewed in Doupnik et al., 1995) ; however, overexpressing the XIR polypeptide in the absence of GIRK1 showed small ACh-stimulated currents that were no such large differences were found among the XIR clones. One XIR transcript of 3.1 kb was detected in significantly higher than the background currents of oocytes expressing m2 receptor alone ( Figure 2C ). Oocytes mRNA from defolliculated Xenopus oocytes by Northern blot analysis (data not shown), confirming the endogeapparently lack an endogenous GIRK1-like partner for XIR, a result consistent with their small endogenous nous transcription of XIR by Xenopus oocytes.
inwardly rectifying K ϩ currents and with the fact that oocytes do not express mRNA transcripts similar to Functional Homology of XIR and CIR Overexpressed in Xenopus Oocytes GIRK1 (Dascal et al., 1993) . Xenopus oocytes contain many mRNAs and proteins required for embryonic deWe tested whether the CIR homolog, XIR, could associate with GIRK1 by overexpressing these subunits in velopment (Newport and Kirschner, 1982) ; thus, endogenous XIR is probably utilized to form an ion channel oocytes via mRNA injection. All oocytes were also injected with mRNA encoding the m2-muscarinic recepfollowing subsequent expression of a GIRK1 homolog. Expressing CIR alone in a mammalian cell line (CHO) tor, to permit agonist stimulation of endogenous G proteins. Like CIR, XIR synergized with GIRK1 to produce produces distinctive, poorly resolved, fast (spiky), in- (A) Whole-cell currents measured in control (XIR ϩ m2R) and in G␤1␥2-coinjected oocytes (XIR ϩ m2R ϩ G␤1␥2). Voltage protocol is as in Figure 2A .
(B) Current-voltage relations for the traces shown in (A).
(C) Average current amplitude at Ϫ100 mV. Currents for the m2R ϩ XIR and m2R ϩ CIR groups were measured in the presence of 5 M ACh. Since application of ACh did not evoke any additional current in the m2R-alone group or in cells expressing G␤1␥2 (see text), the means from these groups include some values measured with agonist and some without agonist; n ranges from 9 to 16 for each column.
wardly rectifying K ϩ channels that are stimulated by apcurrent ( Figure 4 ). We next examined the effects of these oligonucleotides on K ϩ currents resulting from expressplication of G␤␥ to the cytoplasmic side of inside-out patches (Krapivinsky et al., 1995a) . Similarly, coinjecting ing GIRK1 alone. When either KHA1 or KHA2 XIR antisense oligonucleotides were injected into oocytes along mRNAs for G-protein G␤␥ subunits (G␤1␥2) stimulated the whole-cell currents of CIR-expressing oocytes (Fig- with GIRK1 mRNA, the resulting ACh-induced K ϩ currents were significantly decreased (79% and 83% reducure 3C). To test whether XIR is also G protein-regulated, we coexpressed XIR and G␤␥. Like CIR, currents obtion, respectively). This did not result from a nonspecific served following injection of XIR mRNA were significantly enhanced by G␤␥ coexpression (Figure 3) . Although XIR/G␤␥ expression yielded quantitatively smaller currents than did CIR/G␤␥ ( Figure 3C ), in neither case did m2-receptor stimulation increase the currents further (data not shown). Clearly, both CIR and XIR can participate in forming G protein-stimulated K ϩ channels in oocytes. G␤␥ expression should also stimulate any endogenous XIR channels. Although we could not demonstrate statistical significance, oocytes expressing only G␤␥ and m2 receptor consistently showed higher currents than oocytes expressing m2 receptor alone ( Figure 3C ). This result suggests that oocytes express only small numbers of endogenous XIR channels, consistent with our finding that endogenous XIR limits K ϩ currents produced by GIRK1 mRNA injection (below). 
Antisense Oligonucleotides to XIR

GIRK1 Alone
To test the effects of knocking out endogenous XIR, we
The average current at Ϫ100 mV was measured in oocytes injected with the indicated channel mRNAs plus the m2R and with or without synthesized two antisense phosphothioated oligonucle- decrease in GIRK1 protein levels, since currents reThese values are similar to those reported following expression of GIRK1 alone in oocytes (Dascal et al., sulting from CIR and GIRK1 coexpression were unaffected by antisense coinjection. The availability of en-1993; Kubo et al., 1993) . Single XIR/GIRK1 channels in excised patches were activated 30-fold by addition of dogenous XIR therefore limits the ability of GIRK1 alone to form K ϩ channels in oocytes. 20 nM purified bovine brain G␤␥ to the bath ( Figure  5D ), consistent with G protein activation of channels resulting from expressing GIRK1 alone in oocytes (DasSingle-Channel Analysis Shows that XIR/GIRK1 Channels Resemble IKACh cal et al., 1993; Kubo et al., 1993; Reuveny et al., 1994; Lim et al., 1995) . The appearance of channels with these The simplest explanation for the above results is that GIRK1 more efficiently forms heteromultimeric, rather characteristics required both XIR and GIRK1 expression, since channels derived from overexpressing XIR than homomultimeric, ion channels. This hypothesis predicts that the channels derived from expressing alone had shorter open times ( Figure 5E ) and poorly resolved single-channel amplitudes ( Figure 5F ), similar GIRK1 alone in oocytes are actually XIR/GIRK1 heteromultimers. We therefore measured the single-channel to channels resulting from expressing CIR alone (Krapivinsky et al., 1995a) . characteristics of XIR/GIRK1 channels and compared them with published values derived from expressing In summary, we find that GIRK1 cannot efficiently form K ϩ channels in Xenopus oocytes in the absence of coex-GIRK1 alone. Oocytes were injected with mRNA encoding XIR, GIRK1, and the m2 receptor. G␤1␥2 subunits pressed CIR or an endogenous CIR homolog, XIR. Injecting XIR antisense oligonucleotides significantly dewere also sometimes expressed to increase agonistindependent channel activity in patches. XIR/GIRK1 sincreased oocyte currents arising from expressing GIRK1 alone, while leaving CIR/GIRK currents unaffected. The gle channels were inwardly rectifying and had a conductance of 38 pS in symmetrical 140 mM K ϩ in the range fact that GIRK1-derived currents increase significantly upon expression of CIR (Krapivinsky et al., 1995a) or of Ϫ100 to Ϫ40 mV ( Figures 5A and 5B) . Figure 5C shows a histogram of XIR/GIRK1 channel open times best fit additional XIR (above) additionally supports this result. We also found that channels resulting from oocyte exby two exponentials. The mean time constants for three patches were 1.0 Ϯ 0.1 and 4.1 Ϯ 0.8 ms at Ϫ80 mV (the pression of GIRK1 alone are indistinguishable at the single-channel level from channels resulting from coexfractional amplitudes were 58% and 42%, respectively).
oocytes were defolliculated by treatment with 2 mg/ml collagenase pressing GIRK1 and XIR. We conclude that expressing (Worthington Biochemical Corp.) for 2-3 hr, and injected with mRNA GIRK1 alone leads primarily to GIRK1/XIR channels on 12-24 hr later. The incubation medium was 96 mM NaCl, 2 mM KCl, the oocyte plasma membrane. The heteromultimeric na-1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, 2.5 mM Na-pyruvate, 50 ture of these channels resembles native atrial I KACh , which g/ml gentamycin, and 500 M theophylline (pH 7.4), sometimes is a complex of GIRK1 and CIR (Krapivinsky et al.,
supplemented with 2%-5% horse serum (GIBCO BRL). mRNA in1995a). Together with our failure to detect I KACh in two jected per oocyte was 10-20 ng XIR, 1-2 ng GIRK1, 2 ng CIR, mammalian cell lines expressing GIRK1 alone (Krapivin-200-400 pg m2 receptor, 2.5 ng ␤1, and 1.25 ng ␥2. mRNAs were transcribed in vitro from cDNA clones using either mCAP (Strasky et al., 1995a), these results indicate that GIRK1 tagene) or Megascript (Ambion) kits. Transcription templates for cannot form a functional homomultimeric G protein-G␤1 and G␥2 were, as in Kubo et al., 1993, created channels. In contrast, the distinctive spiky channels readily observed after expressing XIR, CIR, or GIRK2 alone in oocytes or cell lines suggest that these subunits Electrophysiology can form homomultimeric channels (above; Duprat et Oocyte currents were recorded 2-4 days postinjection at 22ЊC-25ЊC by the two-electrode voltage-clamp method using a Turbo-tech 01C al., 1995; Kofuji et al., 1995; Krapivinsky et al., 1995a;  amplifier and filtered at 300 Hz with an 8- currents were integrated over a fixed time interval following baseline We screened 10 6 pfu of a Xenopus laevis ovary cDNA library subtraction to obtain the total current, I. Npo was then calculated (-ZAPII; Stratagene) with a 1.8 kb XhoI-PstI fragment containing most of the rat atrial CIR coding sequence. Rinsing was performed by dividing I by the single-channel current amplitude, i. Bovine brain under conditions of low stringency (2X SSC, 0.1% SDS, 56ЊC). DNA G-protein G␤␥ subunits used for single-channel stimulation were sequencing identified one hybridizing clone as a CIR homolog. This purified as described (Wickman et al., 1994) . clone was used to screen 2 ϫ 10 6 additional pfu at higher stringency (rinsing at 0.1X SSC, 0.1% SDS, 65ЊC), generating a total of nine XIR cDNA clones. DNA sequencing revealed that each was a partial Acknowledgments or full-length cDNA with the same open reading frame. One fulllength cDNA (Clone 9A) was completely sequenced in both direcWe thank Dr. Grigory Krapivinsky for helpful discussion, G␤␥ prepations using an oligonucleotide-directed approach. Sequencing of ration, and in vitro translation, and Dr. Bratislav Velimirovic for the other clones provided sequence confirmation and additional 3Ј un-CIR ϩ m2R values included in Figure 3C . We also thank Drs. Henry translated information. The coding sequence of XIR has been subLester and Lily Jan for providing the KGA and GIRK1 cDNAs. This mitted to GenBank (Accession # U42207). Sequence analyses and work was supported by National Institutes of Health grant #DK GenBank comparisons were run on a VAX computer using the Ge-49184-01P3 for D. E. C., and National Heart, Lung, and Blood Instinetics Computer Group, Inc., Wisconsin Package software, version tute training grant #HL07111-20P to N. F. L. 8.0. For Figure 1C , 0.5 g of Clone 9A plasmid (XIR) was transcribed
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Oocyte Expression
Xenopus oocyte preparation and handling were as described (Dascal and Lotan, 1992; Quick and Lester, 1994). In brief, stage V and VI Received October 24, 1995; revised November 27, 1995.
